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The present work integrates in-situ neutron diffraction, electron backscatter diffraction and crystal
plasticity modeling to investigate the effect of martensitic phase transformation on the behavior of 304
stainless steel under uniaxial tension. The macroscopic stress strain response, evolution of the marten-
sitic phase fraction, texture evolution of each individual phase, and internal elastic strains were mea-
sured at room temperature and at 75 °C. Because no martensitic transformation was observed at 75 °C,
the experimental results at 75 °C were used as a reference to quantify the effect of formed martensitic
phase on the behavior of 304 stainless steel at room temperature. A crystallographic phase transfor-
mation model was implemented into an elastic–viscoplastic self-consistent framework. The phase
transformation model captured the macroscopic stress strain response, plus the texture and volume
fraction evolution of austenite and martensite. The model also predicts the internal elastic strain evo-
lution with loading in the austenite, but not in the martensite. The results of this work highlight the
mechanisms that control phase transformation and the sensitivity of modeling results to them, and point
out to critical elements that still need to be incorporated into crystallographic phase transformation
models to accurately describe the internal strain evolution during phase transformation.
Published by Elsevier B.V.1. Introduction
Transformation induced plasticity (TRIP) steels are characterized
by their excellent combination of strength, ductility and response to
high-speed deformation and are thus extensively used in the auto-
mobile industry [1–3]. In addition to common strengthening me-
chanisms, such as grain reﬁnement, precipitation or composite
strengthening both, strength and ductility, can be improved by the
contribution of martensitic phase transformation [4,5]. A lot of
works have investigated the microscopic plastic behavior of TRIP
steels using techniques of Transmission Electron Microscopy, Elec-
tron Backscatter Diffraction (EBSD), and Neutron Diffraction, etc.
[3,6,7]. Among the measuring techniques, neutron diffraction is well
adapted for the characterization of the microscopic plastic behavior
of TRIP steels because of its selectivity based on the crystal lattices
and the large size of gauge volume. Moreover, in-situ neutron dif-
fraction measurement provides separate information about the
evolution of internal elastic strains (or internal stress) for each phase
of the TRIP steel under deformation. The transformed martensiticphase results from the combination of shear and dilatational volume
expansion, which in return induces additional plasticity in the sur-
rounding matrix by imposing locally concentrated stress ﬁeld [8–
10]. The precise measurement of the lattice strains under such a
circumstance will lead us to a better understanding of the TRIP ef-
fect. Several studies have demonstrated the possibility of monitoring
the stress partitioning between the austenitic and martensitic pha-
ses using in-situ neutron diffraction during mechanical straining
[6,7,11].
Most of the in-situ neutron measurements on TRIP effect have
been performed to relatively small plastic strains. In addition, the
data in those measurements were collected through periodically
interrupting the loading while holding either the stress or the
strain constant. In such a case, the holding times could be as long
as 45 min [12]. As a consequence, either stress or strain relaxation
takes place during data collection, with the inconvenience that the
internal strains evolve during the measurement. An alternative
testing technique, which consists in performing in-situ measure-
ments on specimens deformed uninterruptedly at very low strain
rates (106–105 s1), was recently applied to austenitic steel by
An et al. [13] and Wang et al. [14]. This technique has the ad-
vantage over the conventional measuring techniques that it avoids
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ing lattice strain measurements.
An accurate constitutive model is demanded to interpret shifts
of diffraction peaks in terms of internal strain pertaining to a
speciﬁc subset of grains. Various constitutive models for marten-
sitic phase transformation have been proposed in the literature
[9,10,15–21]. These models fall into two categories: phenomen-
ological and crystallographic mechanisms-based models. None of
them, however, addresses the probabilistic relations between the
microstructural/stress variability and phase transformation variant
selection. Modeling the evolution of internal elastic strain under
loading becomes even more challenging when phase transforma-
tion is present, and requires incorporating explicitly lattice scale
mechanisms.
We pursue experimental and modeling goals in the present
work. The ﬁrst goal is to apply the uninterrupted in-situ neutron
diffraction measuring technique to study the inﬂuence of mar-
tensitic phase transformation on the large deformation behavior of
TRIP steel. Two tension tests of 304 austenitic stainless steel at 25
and 75 °C are performed. Since phase transformation takes place
at room temperature, but does not at 75 °C for the steel tested
here, the test at 75 °C is then used as a baseline to evaluate the
inﬂuence of martensitic transformation on the behavior of 304
austenitic stainless steel both qualitatively and quantitatively. The
second goal is to develop a crystallographic mechanisms-based
model for martensitic phase transformation with mechanical
predictive capabilities. Such a model should account for various
modeling elements that include: (a) a nucleation and variant se-
lection criterion; (b) the introduction of martensitic grains in the
aggregate; (c) the orientation relationship between the martensi-
tic grain and its parent austenitic phase; (d) the evolution of the
martensitic grain and the implementation of the martensitic phase
transformation strain. In this work, those modeling elements are
incorporated into the elastic viscoplastic self-consistent (EVPSC)
model [14,22–26]. The EVPSC model has been successfully applied
to study the evolution of internal elastic strain of stainless steel
not exhibiting transformation [14,27], magnesium alloys [28–30]
and zirconium alloys [31]. The polycrystal model is applied to in-
terpret the hardening, texture and phase evolution during the in-
situ neutron diffraction measurement on the 304 stainless steel.
And the model is applied to interpret for the ﬁrst time theTable 1
Chemical composition of the stainless steel in weight percent.
Element C Cr Ni Si Mn Mo
Fraction 0.08 19.0 9.25 0.75 2.0 0
Fig. 1. EBSD orientation map of 304 stainless steel sheet aevolution of diffraction peak intensity and internal elastic strain in
both austenitic and martensitic phases as they evolve. Section 2 of
this paper presents a description of the experimental procedure.
Section 3 presents a detailed description of the speciﬁc elements
added to the EVPSC model. The experimental and simulated re-
sults are compared and discussed in Section 4.2. Experimental procedure
A 304 austenitic stainless steel sheet with average grain size of
25 μm was investigated. The chemical composition is listed in
Table 1. The microstructures were characterized by Electron
Backscatter Diffraction (EBSD) analysis. A pure austenitic phase
was observed in the EBSD orientation map of the undeformed
sample (Fig. 1a). Dog-bone tension specimes were machined such
that the loading axis aligns with the rolling direction (RD) of the
stainless steel sheet. The EBSD orientation map at 30% tensile
strain is presented in Fig. 1b, where it can be seen that mainly one
martensite variant was activated in most of the grains. The latter
observation is relevant to the modeling assumptions done in this
work. The spectrometer for high intensity pressure and preferred
orientation (HIPPO) at LANSCE (Los Alamos Neutron Science
Center) was used to measure the textures. Fig. 2 shows the {111},
{200} and {220} pole ﬁgures of the initial austenitic phase. The
pole ﬁgures indicate that the as-received stainless steel has a very
weak rolling texture. The textures at tensile strains of 10%, 20%,
30% and 40% were also measured and will be reported in Section 4.
In-situ neutron diffraction measurements were performed dur-
ing tensile deformation using the Spectrometer for Materials Re-
search at Temperature and Stress (SMARTS), also at LANSCE (details
of the instrument can be found in Bourke et al. [32]). Uniaxial
tension tests at a strain rate of 105/s were performed at two dif-
ferent temperatures, i.e., room temperature (RT) and 75 °C. An in-
duction coil was used to heat the sample to the speciﬁed tem-
perature. This low strain rate avoids a temperature increase induced
by deformation. Within such a narrow temperature interval, the
properties of austenitic phase are not subject to change sig-
niﬁcantly. Martensitic phase is transformed from austenitic phase
under tension at RT, while it is not observed at 75 °C. Therefore the
effect of martensitic phase transformation is investigated through
comparing the two deformation behaviors of stainless steel at RT
and at 75 °C. The load frame is oriented at a 45° angle to the in-
cident beam and thus the two detector banks at 790° to the in-
cident beam allow for simultaneous measurement of diffraction
patterns with scattering vectors parallel and transverse to the
loading axis, respectively. The neutron data are collected con-
tinuously throughout all the testing time using the uninterruptedt tensile strains of (a) 0% (undeformed) and (b) 30%.
Fig. 2. {111}, {200} and {220} pole ﬁgures for initial texture.
H. Wang et al. / Materials Science & Engineering A 649 (2016) 174–183176data acquisition format [14], and the time-of-ﬂight technique
measures the full diffraction proﬁle in each diffraction bank. Inter-
nal elastic strains are calculated from changes in peak position
during deformation through the equation d d d/hkl hkl hkl hkl0 0ε = ( − ) .
The ‘stress-free’ reference lattice spacing for each peak, dhkl0 , was
taken as the measured lattice spacing in the austenitic phase prior
to applying any load to the sample. The absence of martensitic
phase at the onset of the experiment means that there is no such
reference value to calculate the internal elastic strain pertaining to
the martensitic phase. This is an important issue for interpreting the
measurements. Our approach consists on calculating a stress-free
lattice constant for martensitic phase from the stress-free austenite
lattice constant and the martensite/austenite density ratio [33],
a
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where amart and aaust are the lattice parameters for martensite and
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where Ci is solute content in wt%, T is temperature in °C, and units
are kg m3. The solute content of each element is listed in Table 1.3. Model description
3.1. Phase transformation (PT) model
Four aspects of martensitic transformation need to be ad-
dressed for modeling purposes: (a) a criterion for martensiticvariant selection in the austenitic phase; (b) introduction of the
newly formed martensitic phase in the aggregate, including the
initial internal stress; (c) volumetric evolution of martensitic
phase; (d) implementation of the martensitic phase transforma-
tion strain (MPTS).
3.1.1. Variant selection
There are 24 possible crystallographic variants associated with
the martensitic phase transformation but, usually, only a few of
the available variants are activated in a given grain under de-
formation [34]. As mentioned in Introduction, our EBSD orienta-
tion map (Fig. 1b) at 30% strain indicates that mostly only one
variant is activated in each austenite grain, therefore in our model
we allow for only one variant per grain. An energy-based variant
selection criterion is employed in this work. For the Ith variant, the
energy EI (I¼1, 2, ⋯, 24) associated with the phase transformation
is estimated using the product of the grain stress ( gσ ) and the
corresponding martensitic phase transformation strain ( I
PTε , de-
termination of the martensitic phase transformation strain is given
later):
E : 2I
PTI gσ ε= ( )
Positive values of EI indicate that the transformation is ‘aided’
by the stress state in the grain, rather than having to work ‘against’
it. And although not all the transformation is accommodated
elastically, it is plausible that the elastic energies of the variants
(Eq. (2)) are in the same order as the total relaxation energies.
Therefore, the variant ( Imax ) with the maximum positive dissipa-
tion Emax
I is selected to be the candidate for phase transformation
in the austenitic grain (g). The other martensitic variants are not
allowed to transform in the corresponding grain from then on.
3.1.2. Introduction of martensitic phase
A martensitic phase associated with variant Imax is introduced
when the Von Mises equivalent strain of the austenitic grain
reaches a critical value ( cr
PTε ). The introduced martensitic grain is
treated as a new member in the polycrystalline aggregate with an
initially small volume fraction (0.001 of the austenitic parent
grain) and a ﬂat ellipsoidal shape with 1:10 aspect ratio. The initial
states of the newly nucleated martensitic grain, i.e. orientation,
stress, morphology, and volume fraction, have to be assigned.
According to the crystallographic theory of martensite, the or-
ientation relationship between the austenite and martensite is
irrational [35–37]. In certain cases the Kurdjumov–Sachs (K–S)
[38] or Nishiyama–Wasserman (N–W) [39] relationship is often
used. The difference among the irrational, the K–S and the N–W
orientations is less than a few degrees. However K–S (or N–W)
relationship does not lead to an invariant line between the parent
and product lattices. The existence of an invariant line is an es-
sential requirement for martensitic transformation to occur [35].
When describing martensitic transformation, the crystal-
lographic set of habit plane, invariant line, shape deformation,
martensitic phase transformation strain and orientation relation-
ship should be considered geometrically as a whole [35–37]. Ac-
cording to Bhadeshia [40], the parameters associated with the
crystallographic mechanisms associated with a martensitic phase
transformation are functions of lattice parameters of austenite and
martensite. As reported by Dyson and Holmes [41], the lattice
parameters of austenite and martensite are respectively 0.3589 nm
and 0.2873 nm. Then the rotation matrix ( RPT) that relates aus-
tenitic orientation to that of martensite is given by
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟R
0.7253 0.6881 0.0240
0.6756 0.7179 0.1678
0.1327 0.1055 0.9855 3
PT =
− −
−
( )
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vector u expressed in crystal basis of austenite to one expressed in
crystal basis of martensite. This rotation matrix should correlate
the orientations between martensite and austenite by satisfying
the equations:
0.5774 0.5774 0.5774 0.0076 0.7077 0.7065 4aust mart[ ] = [ ] ( )
and
0.7071 0 0.7071 0.5298 0.5964 0.6030 5aust mart( − ) = ( − − ) ( )
This means that 1 1 1 aust[ ] is nearly parallel to 0 1 1 mart[ ] and
1 0 1 aust(¯ ) is about 3° from 1 1 1 mart(¯ ¯ ) , which is very close to the K–S
orientation relationship.
The deformation gradient associated with the martensitic
phase transformation is
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟F
0.991 0.037 0.028
0.030 1.125 0.095
0.028 0.119 0.909 6
=
− −
− − − ( )
The associated dilatational and shear strains are 3.7% and 22%,
respectively. The martensitic phase transformation strain PTε is
determined from the above deformation gradient (referred to
austenitic axes)
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟
F F 1
2
0.008 0 0.025
0 0.141 0
0.025 0 0.082 7
T
PT ( )ε = ⋅ − = − −
− − ( )
The crystallographic sets corresponding to the 24 martensitic
variants possible in each austenite grain can be generated applying
the cubic symmetry operations to εPT.
The initial stress of the newly formed martensitic grain de-
pends on the interaction between the new grain and its sur-
roundings induced by the transformation. Here, however, the in-
itial stress state is assumed to be equal to that of the austenitic
parent grain. In addition, since the martensitic phase is much
harder than the austenitic phase, we assume that it only deforms
elastically. The critical resolved shear stresses of the slip systems in
martensitic grains are all set to be sufﬁciently high to avoid plastic
deformations.
3.1.3. Growth of martensitic phase
The growth of a newly formed martensite grain is described by
increasing its volume fraction while decreasing the parent auste-
nitic grain volume by the same amount. We follow an empirical
law suggested by Olson and Cohen [15], who related the macro-
scopic strain with the macroscopic evolution of martensite, and
apply it to each grain. In our model, growth of martensitic grain
depends on the deformation history of its parent. The volume
fraction of the individual martensitic grain is a function of the
accumulated shear strain dt∫Γ γ= ∑ ̇α α of its parent austenite:
w
w
1 exp 1 exp
8
mart
aust
n
0
{ }β αΓ= − − [ − ( )] ( )
where , ,α β and n are the material constants; wmart and waust0 are
the current and initial volume weights of the martensitic grain and
its parent austenitic grain, respectively.
3.1.4. Implementation of MPTS
The MPTS strain deﬁned in (b) is speciﬁc for a unit volume of
martensite. As the volume of a martensitic grain increases during
plastic deformation, the rate of phase transformation strain is
expressed as:
 w
w 9
mart
aust
PTPTε ε= ̇ ( )The phase transformation is a source of additional plasticity
accommodation in TRIP steels in addition to dislocation slip ac-
tivities. The detailed treatment of MPTS in the framework of EVPSC
will be discussed in the next section.
3.2. Implementation of the PT model into EVPSC framework
This section implements the PT model into EVPSC framework
(denoted as EVPSC-PT). Detailed description of the EVPSC frame-
work and its applications are referred to Wang et al. [23, 42–45].
With phase transformation, the total strain rate of an individual
grain is the summation of elastic strain rate ( eε ), plastic strain rate
( pε ) from slip systems and phase transformation strain rate ( PTε it
is zero in martensitic grains):
      M M: : 10e p PT e p PT0ε ε ε ε σ σ ε ε= + + = + + + ( )
where Me,Mp and  0ε are the elastic compliance, plastic compliance
and the back-extrapolated strain rate, respectively. Similarly, the
macroscopic strain rate ( E) of the homogenous effective medium
(HEM), which is the aggregate of all the grain, can be written as:
 E M M E: : 11e p 0¯ ¯Σ̇ Σ= + + ( )
where M
e¯ ,Mp¯ and E0 are the elastic compliance, plastic com-
pliance and the back-extrapolated strain rate, respectively. Differ-
ent from the single crystal law (Eq. (10)), at the macroscopic level
it is not possible to separate the contribution of phase transfor-
mation and the back extrapolated term to the total rate. As a
consequence, only a single term E0 is used in Eq. (11). The hard-
ening of the slip systems is assumed to follow an extended Voce
law, i.e.,
⎛
⎝⎜
⎛
⎝⎜
⎞
⎠⎟
⎞
⎠⎟h
h
1 exp
12
cr 0 1 1
0
1
( )τ τ τ τ^ = + + Γ − −
Γ
( )
where 0τ , h0, h1 and 0 1τ τ+ are the initial critical resolved shear
stress (CRSS), the initial hardening rate, the asymptotic hardening
rate and the back-extrapolated CRSS, respectively. The latent
hardening on slip system α due to the activity in slip system β is
accounted for through the latent hardening coupling coefﬁcient
hαβ:
d
d
h
13
c
cr ∑τ τ γ̇ = ^Γ ̇ ( )
α
β
αβ β
Here we adopt an isotropic hardening assumption:
h 1, , .α β= ∀αβ
The interaction between each grain (austenite or martensite
inclusion) and the HEM is described through the elastic and the
visco-plastic ellipsoidal inclusion formalism of [46]. The self-con-
sistent condition that the macroscopic stress and strain rate must
be equal to the average value over all the grains, together with the
externally applied boundary conditions, provides the stress strain
response of the HEM. The deformation texture is realized by up-
dating the orientation matrices of all grains, and the internal
elastic strain for comparison with the diffraction data is calculated
by averaging the elastic strains for the subset of grains with the
given diffraction planes along the scatter vector.4. Results
The stress strain curves measured at the two different tem-
peratures are shown in Fig. 3. For performing the EVPSC-PT
modeling, the crystallographic texture of the initial austenitic
phase is discretized using 23,333 grains, each with a deﬁned or-
ientation and weight. This large number gives better peak
0 0.1 0.2 0.3 0.4 0.5
0
500
1000
1500
Extensometer
Neutron Diffraction
Fig. 3. True stress strain curves measured at RT and 75°C during in-situ neutron
diffraction and uninterrupted loading at 105 s1. The solid lines correspond to
instantaneous readings from extensometer and load cell. The symbols correspond
to values averaged during 8 min intervals corresponding to neutron diffraction
counts.
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obtained using 3000 orientations. The austenitic phase has the
face-centered-cubic (FCC) crystallographic structure, while the
martensitic phase has the body-centered-cubic (BCC) crystal-
lographic structure. In the modeling, the single crystal elastic
constants used for austenitic phase are C 20911 = , C 13312 = and
C 12144 = [47], and for martensitic phase we take the ones of iron
at room temperature, i.e., C 23411 = , C 13512 = and C 11844 = (units
of GPa) [48]. The plastic deformation of the austenitic phase is
assumed to be due to the 12 {111}o1104 slip systems, and that of
martensitic phase due to the 12 {110}o 1¯114 slip systems. In
practice, the CRSS for these latter systems is set high to eliminate
the plastic contribution from martensite. The hardening para-
meters associated with the EVPSC-PT model are obtained by ﬁtting
the experimental stress strain curves at RT and 75 °C. Due to the
absence of martensitic phase transformation at 75 °C, the hard-
ening parameters associated with the austenitic phase are de-
termined using the 75 °C experiment and slightly adjusted em-
pirically to describe the RT behavior during the initial 10% strain,
where the volume fraction of martensitic phase is very small. The
ﬁtted hardening parameters at 75 °C and RT are listed in Table 2.
Note that for martensitic phase, the only non-zero hardening
parameter is 0τ , which is chosen to be sufﬁciently high in order to
effectively eliminate plasticity in the martensite. The parameters
associated with the evolution of the volume fraction of the mar-
tensitic phase are obtained by ﬁtting the measured volume frac-
tion of martensite ( Vmart) as a function of macroscopic strain
(Fig. 5). The determined parameters n, andα β are also listed in
Table 2. Both the stress strain curves (Fig. 4a and b) and the
Vmart-strain curve (Fig. 5) are well reproduced by the EVPSC-PT
model. The calculated stress strain curve that would result from
excluding the martensitic transformation at RT is also included in
Fig. 4a. It becomes apparent that the higher hardening rate beyond
10% strain is due the presence of martensitic transformation.
Fig. 4c and d compare the experimental and simulatedTable 2
The hardening parameters for Voce hardening law for austenite and martensite
phases studied in this work.
Austenite Martensite
0τ (MPa) 1τ (MPa) h0 (MPa) h1 (MPa) 0τ (MPa) α β n
75 °C 100 96 550 190 NA NA NA NA
RT 110 96 550 190 1600 0.18 11.8 2.2hardening rate at RT and 75 °C. The hardening rates are calculated
as the derivatives of a 5th degree polynomial ﬁt of the stress strain
curves. The hardening rate is steady at RT with increasing strain,
while it decreases with strain at 75 °C. Model predicts that the
hardening rate at RT also would decrease and become about half at
40% strain (Fig. 4c) without the phase transformation. As listed in
Table 2, the hardening parameters of austenite at RT and 75 °C are
the same (except for the initial yield stress) and, therefore, the
macroscopic hardening rate of this phase is the same. The EVPSC-
PT model reproduces well the evolution of the hardening rate of
304 stainless steel under tension at RT and 75 °C. The model shows
that, by comparing the hardening rate curves at RT and 75 °C, the
martensitic transformation leads to increase in hardening rate
beyond the strain of 10%.
Fig. 6 compares the deformation textures of austenitic phase at
75 °C. No martensitic phase was observed under tension at 75 °C.
The EVPSC-PT model correctly predicts the deformation textures
at various strain levels. As have been observed in the past for other
self-consistent polycrystal deformation models, the predicted
textures are somewhat sharper, i.e. more extreme in the high and
low areas, than the measured textures, but the spatial locations of
the high and low points are well matched.
Fig. 7 shows the experimental and simulated textures of aus-
tenitic and martensitic phases under tension at RT. The predicted
deformation textures of austenitic phase agree well with the ex-
perimental ones, which also suggests that the occurrence of
martensitic phase does not signiﬁcantly change the texture de-
velopment in the austenitic phase. The predicted textures of the
martensitic phase agree well with the experimental textures,
especially at higher volume fractions of the martensitic phase. At
40% strain the main texture components are well captured by the
EVPSC-PT model. Overall, the good agreement between model-
predicted and experimental textures supports the variant selection
criterion and the austenite-to-martensite rotation matrix used
here.
The experimental and simulated peak intensities ( IL
hkl) of var-
ious diffraction families are shown in Fig. 8 and follow from in-
tegrating the orientation distributions shown in Figs. 6 and 7 over
a solid angle of 14° deﬁned by the neutron detector. The peak
intensity is represented as the multiple of random (MRD) values,
deﬁned as the ratio of the volume fraction of the grains with the
same diffraction planes in the current texture and in a random
distribution of orientations, for each phase. Before doing this, the
volume fraction of each phase is normalized to 1. As can be seen,
the evolution of {111} diffraction peak intensities of austenite
follows the experimental trend, i.e. an increase followed by a de-
crease, although the model over-predicts such evolution as a
consequence of over-predicting the {111} component along the RD
(Fig. 7). The {200} and {311} peak intensities of austenite remain
almost constant in the experiment and the model captures this
behavior.
For the martensite the experimental intensities of {310} and
{321} diffraction planes increase with stress, while those of {110}
and {211} decrease from initially high values. The predicted peak
intensity evolution, on the other hand, is nearly constant for {211},
{310}, {321} and {110} intensities and differs signiﬁcantly from the
experiment, especially at stress levels lower than 900 MPa. At
stresses above 900 MPa, (i.e., martensite volume fraction higher
than 0.15), the model seems to capture the experimental evidence,
a feature that hints at what may be lacking in the model and
which will be discussed in connection with Fig. 9.
The measured and simulated evolution of the internal elastic
strain of various diffraction planes is plotted in Fig. 9. At 75 °C, the
internal elastic strains of {111}, {311} and {200} diffraction planes
in austenite are correctly predicted by the EVPSC model, except for
02000
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h
Fig. 4. Experimental and simulated stress strain curves of 304 stainless steel under tension at (a) RT and (b) 75 °C, and the corresponding hardening rates at (c) RT and
(d) 75 °C.
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Fig. 5. Experimental and simulated Vmart–strain curves of 304 stainless steel under
tension at RT.
H. Wang et al. / Materials Science & Engineering A 649 (2016) 174–183 179the saturation trend of the {111} strain at stresses higher than
800 MPa (Fig. 9 c). The latter may be attributed to the larger pre-
dicted {111} texture component along the loading direction.
Without phase transformation the internal elastic strains in aus-
tenite at RT are the same as for 75 °C, and do not capture load
transfers at applied stresses larger than 800 MPa, a point which
can be correlated with the appearance of the martensitic phase.The predictions are signiﬁcantly improved, trend-wise, by ac-
counting for the martensitic transformation.
The comparison of predicted and measured internal elastic
strain evolution in the martensitic phase (Fig. 9b) shows large
discrepancies, the origin of which may be attributed to the fol-
lowing. The martensite forms as inclusions inside the austenitic
phase, and the shear and dilatation components of the transfor-
mation strain are expected to induce a large reaction stress upon
the martensite, conceptually similar to the one induced by de-
formation twinning transformation in HCP as discussed by [49].
Since we have no information about such back stresses, in this
work we used the simpler (and clearly insufﬁcient) assumption
that the initial nucleation stress state in the martensitic grain is
equal to the current stress in its parent austenitic grain. The fact
that the measured elastic lattice strain of {211}, {311} and {310}
families increase rapidly with further loading may be attributed to
an erase of the initial reaction stress in the martensite as the ap-
plied stress and the martensite volume increase. The same ex-
planation may be used for the rapid decrease in internal strain
associated with the {110} family (Fig. 9b): {110} is approximately
the habit plane of martensite along which the dilatational com-
ponent associated with MPTS is aligned, and thus may be inducing
a compressive reaction from the austenite matrix. To improve the
predictability of the model, a correct estimate of the back stress
induced by the formation of martensite needs to be implemented
Fig. 6. Experimental and simulated textures of austenitic phase of 304 stainless steel under tension at 75°C.
H. Wang et al. / Materials Science & Engineering A 649 (2016) 174–183180in the model when the martensite lamella is created. Such a cal-
culation would involve performing local deformation simulation of
the transformation, as was done by Arul Kumar et al. [49] for
twinning transformations using Crystal Plasticity Fast Fourier
Transformation (CPFFT). Such calculation is outside the scope of
this work and will be tackled in the future. In addition, in theFig. 7. Experimental and simulated textures of austenitic and mmodel the martensite volume fraction is an explicit function of the
accumulated shear strain in the grain via the empirical law of
Olson–Cohen (Eq. (8)), independently of the grain stress. However,
a stress-driven mechanism for driving martensitic transformation
should be more appropriate. A model including a more sophisti-
cated treatment of stress-driven nucleation and incorporation ofartensitic phases of 304 stainless steel under tension at RT.
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Fig. 8. Experimental and predicted diffraction peak intensities deﬁned with respect to a random distribution for planes perpendicular to the tensile axis of (a) austenitic and
(b) martensitic phases at RT.
H. Wang et al. / Materials Science & Engineering A 649 (2016) 174–183 181the induced reaction stress is in progress and will be reported in
future work.
Fig. 10 shows the contribution of the elastic strain, plastic0
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Fig. 9. Experimental and simulated internal elastic strain of various diffraction planes
(c) austenitic phase (γ phase) at 75°C.strain, strain from slip and strain from phase transformation to the
total strain. Although the contribution of the phase transformation
to the total strain is relatively small, it inﬂuences the behavior of0
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0
in (a) austenitic phase ( γ phase) at RT, (b) martensitic phase (α phase) at RT, and
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Fig. 10. Contribution of the elastic strain, strain from slip and strain from phase
transformation to the total strain.
H. Wang et al. / Materials Science & Engineering A 649 (2016) 174–183182the 304 stainless steel signiﬁcantly.5. Discussion
The effect of martensitic phase transformation on macroscopic
stress strain response, texture evolution and internal elastic strain
evolution at room temperature is systematically investigated by
in-situ neutron diffraction, electron backscatter diffraction and
crystal plasticity modeling in 304 stainless steel. The proposed
phase transformation model correctly predicts the stress strain
response, phase fraction evolution, and texture evolution. The
model also captures the general trend of the evolution of internal
elastic strain and diffracted intensities in the austenitic phase, but
it has some limitations in what concerns equivalent magnitudes in
the martensite.
The experimental EBSD evidence of our work reveals that
usually one martensite variant-formed by ﬁnely and evenly dis-
tributed domains inside the grains-is prevalent in individual
grains. In addition, simultaneously measured stress strain re-
sponse and martensitic phase fraction evolution reveals that the
304 stainless steel deforms without appreciable phase transfor-
mation at 75 °C and with substantial phase transformation at
room temperature. The modeling interpretation supports the
conclusion that the presence of the martensitic phase increases
substantially the hardening rate, although it makes little con-
tribution to the overall deformation. In addition, the appearance of
martensite can be correlated with a clear load transfer into the
austenite, as evidenced by comparing Fig. 9a and c.
In the model, the evolution of the martensitic phase is gov-
erned by an empirical law based on the accumulated shear strain
in each grain (Eq. (7)). While this law is ﬁtted to the measured
evolution of the total martensitic phase fraction (Fig. 5), its func-
tional dependence lacks a physical basis and we suspects that it is
partially responsible for the discrepancies between experimental
and predicted evolution of the internal elastic lattice strain in the
martensite. A stress driven nucleation criterion should change the
rate at which martensite transforms and, in addition to being
physically more appealing, it should also affect the predicted
evolution of internal strain in grains.
Once the ‘strain based’ criterion for allowing transformation is
met, an elastic-energy-based variant selection criterion is em-
ployed to choose which of the 24 martensitic variants is created.
Because the texture evolution of martensitic phase is very sensi-
tive to the variant selection criterion, and because predicted
martensite texture components are consistent with theexperimental, we believe that this energy-based variant selection
criterion is appropriate. The fact that there are some differences in
the early stages of transformation suggest that the criterion can be
improved, possibly by allowing more than one martensitic variant
to be activated in each grain. A model incorporating more physics-
based criteria for driving martensite transformation and account-
ing for back stress effects on austenite and martensite following
martensite nucleation should improve the predictive capabilities
and will be the focus of our future work.6. Conclusions
The effect of martensitic phase transformation on macroscopic
stress strain relation, texture evolution and internal elastic strain
evolution at room temperature is systematically investigated by
in-situ neutron diffraction, electron backscatter diffraction and
crystal plasticity modeling. The following conclusions can be
drawn:
1. The EBSD orientation map reveals that mostly a single martensite
variant is formed in individual grains of 304 stainless steel. The
martensite is ﬁnely and evenly distributed inside the grains.
2. Comparing to the same 304 stainless steel under deformation
without phase transformation at 75 °C, the signiﬁcant hard-
ening rate increase of the material at room temperature is as-
cribed entirely to the formation of martensitic phase.
3. A phase transformation crystal plasticity model is proposed that
correctly predicts the texture evolution of martensite and aus-
tenite phase, so indicating that our criterion for choosing mar-
tensite variants is appropriate. The model also captures the
general trend in the evolution of internal elastic strain and
diffracted intensities for the austenite phase. The poor agree-
ment obtained for the prediction of the same magnitudes in the
martensite phase suggests that transformation induced initial
stresses play an important role and need to be accounted for
with improved lower scale mechanical models.Acknowledgment
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